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の解析結果について論述される．本学位論文の内容は大きく 2 つに分かれている．1 つ目
は，励起された波動の伝播とプラズマの応答である．2 つ目は励起された波動によるプラ
ズマ加熱効果とそのメカニズムの解明である． 
まず FRC 中に励起された波動の伝播に関するシミュレーションとして，半径 0.3m のル
ープアンテナを(r, z) = (0.3m, -0.5m) に一つだけ配置した場合のシミュレーションを実行し
た．アンテナ電流波形は正弦波であり，最大電流値は 30 kA, 周波数 160 kHz と設定した．
最大電流の際に発生する磁場強度は separatrix 付近で約 0.04 T であり，その値は外部磁場
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 Field-reversed configuration plasma (FRC) has the advantages of high beta and 
simply-connected structure, but has the disadvantage of extremely short lifetime. In recent FRC 
experiments, the lifetime, which was conventionally several tens to several hundreds of 
microseconds, has been extended to about 10 milliseconds by external input. While the lifetime has 
increased, the ion heating method has not been established yet. At present, wave heating is 
attracting attention as a heating method for FRC. However, FRC has a field null point, and the 
non-uniformity of the magnetic field is high, hence it is assumed that the heating effect by cyclotron 
resonance is small. On the other hand, the results of experiments conducted in the past show that 
ion heating is caused by the effect of the excited low-frequency wave. As the heating mechanism, 
transit time magnetic damping and heating by a magnetic pump have been suggested. In these 
heating mechanism studies, no simulation has been performed considering the kinetic effect of ions 
in the plasma. Therefore, in this dissertation, a simulation is performed in consideration of the effect 
of the wave excitation antenna in a hybrid simulation technique that treats ions in plasma as 
particles and electrons as fluid. In this dissertation, the analysis results of various phenomena due to 
wave excited in FRC are discussed. The contents of this dissertation are largely divided into two 
parts. The first is the propagation of the excited wave and the response of the plasma. The second is 
to elucidate the plasma heating effect and heating mechanism by the excited wave. 
First, as a simulation of the propagation of waves excited in the FRC, a simulation was 
performed in which only one loop antenna with a radius of 0.3 m was placed at (r, z) = (0.3 m, -0.5 
m). The antenna current waveform was a sine wave, the maximum current value was set to 30 kA, 
and the frequency was set to 160 kHz. The magnetic field strength generated at the maximum 
current is about 0.04 T near the separatrix, which is 40% of the external magnetic field. As a result 
of the simulation, excitation of a toroidal magnetic field that does not exist in FRC was confirmed 
as in the previous experimental results. The axial propagation velocity of the toroidal magnetic field 
was obtained. It was found that the propagation velocity was equivalent to the Shear-Alfven wave 
(VA) in the region outside the separatrix, and close to the ion acoustic wave (Vs) in the region near 
the separatrix. This result is similar to that suggested by past experiments. The high-density region 
inside separatrix was also observed to move in the axial direction, but it was found that the change 
was caused by the compression or expansion of the plasma by the magnetic field excited outside of 
separatrix. It was also found that the excited wave did not propagate to the high pressure region. 
The radial position where the excited wave attenuated was the position where VA = Vs (local beta 
value 0.88). The reason is that FRC has a high beta, so the plasma expands and contracts according 
to the increase and decrease of the magnetic pressure due to the excited magnetic field, so that the 
fluctuation of the electromagnetic field does not propagate to the high beta region. As a result of 
observing the change of the energy density, it was confirmed that the plasma was compressed and 
expanded by the magnetic energy excited outside the separatrix, and the plasma energy inside the 
separatrix increased or decreased. It was also found that the ratio of energy change between ion 
energy and electron energy at that time depends on the initial temperature. 
 Next, as an analysis model for verifying the heating effect due to the excited waves, two loop 
antennas were placed so as to sandwich the separatrix. The arrangement position is (r, z) = (0.3m, ± 
0.5m). The antenna current and frequency were the same as above, but the difference between the 
two patterns with the initial phase of the antenna current inverted was confirmed. In order to verify 
the plasma heating effect of the excited waves, the ion and electron temperatures averaged over the 
separatrix volume were obtained. In this simulation, the ion temperature increased by about 7 eV at 
the maximum compared to the case without wave. The electron temperature only oscillated around 
the electron temperature in the case of no wave, and there was no obvious increase due to the wave. 
In addition, the temperature evaluated from the velocity component perpendicular or parallel to the 
magnetic field lines was shown to be different from each other, confirming the anisotropic ion 
thermal motion. No significant difference was found in the heating effect due to the difference in 
the antenna current phase. Furthermore, it was found that there was a correlation between the 
change in electron temperature and the change in separatrix volume due to the application of 
low-frequency waves. The adiabatic condition of electrons is satisfied, and the simulation results 
also show that the process mainly follows the adiabatic process except for the temperature change 
due to Coulomb collision. On the other hand, the condition of the ion adiabatic approximation was 
not satisfied in the weak magnetic field region, and an increase in energy parallel to the magnetic 
field lines was observed in the weak magnetic field region. From the results, it was clarified that 
magnetic pump ion heating occurred due to adiabatic invariance breaking. 
 
 
